Species pairs that differ primarily in characters involved in mating interactions and are largely sympatric raise intriguing questions about the mode of speciation. When species divergence is relatively recent, the footprint of the demographic history during speciation might be preserved and used to reconstruct the biogeography of species divergence. In this study, patterns of genetic variation were examined throughout the geographical range of two cryptic sister taxa of field crickets, Gryllus texensis and G. rubens; mitochondrial cytochrome oxidase I (COI) was sequenced in 365 individuals sampled from 48 localities. Despite significant molecular divergence between the species, they were not reciprocally monophyletic. We devised several analyses to statistically explore what historical processes might have given rise to this genealogical structure. The analyses indicated that the biogeographical pattern of genetic variation does not support a model of recent gene flow between species. Instead, coalescent simulations suggested that the genealogical structure within G. texensis, namely a deep split between two geographically overlapping clades, reflects historical substructure within G. texensis. Additional tests that consider the concentration of G. rubens haplotypes in one of the two G. texensis genetic clusters suggest a model of speciation in which G. rubens was derived from one lineage of a geographically subdivided ancestor. These results indicate that, despite the contemporary sympatry of G. texensis and G. rubens, the data are indicative of an peripatric origin in which G. rubens was derived from one of the two historical partitions in the species currently recognized as G. texensis. This proposed model of species divergence suggests how the interplay of geography and selection may give rise to new species, although this requires testing with multilocus data. Specifically, the model highlights how that geographical partitioning of ancestral variation in the past may augment the selectively driven divergence of characters involved in the reproductive isolation of the species today.
Introduction
Research on species pairs with only slight morphological differences poses intriguing questions about the origin and maintenance of species distinctiveness. What are the reproductive isolating factors and what is the geographical context under which those barriers evolved? Much of the focus on speciation in cryptic species has been on the former, with an emphasis on experiments that examine the consequences of differences in mating signals. For example, empirical work now complements theoretical models that rely upon strong assortative mating for species divergence in sympatry involving strong divergent sexual selection (e.g. Turner & Burrows 1995; Payne & Krakauer 1997; Higashi et al. 1999; Higgie et al. 2000; Takimoto et al. 2000) or as a by-product of ecological divergence (e.g. Doebeli et al. 2005; Vines & Schluter 2006; Duffy et al. 2007; Gavrilets et al. 2007) . However, understanding the geographical context of species divergence is critical to establishing what factors initiated divergence, and specifically, whether the contemporary sympatry of species faithfully reflects how the barrier evolved (Perret et al. 2007) .
Phylogeographical study provides the context for deciphering that geographical history (Avise 2000) , but the evaluation of alternative explanations for observed patterns of genetic variation requires a framework where the impact of different processes can be considered (Knowles 2004; Petit 2008) . This task becomes especially challenging for recent divergence (Wakeley 2003) , for which a pattern of incomplete lineage sorting might reflect the retention of ancestral polymorphism or gene flow (e.g. Kliman et al. 2000; Knowles 2001; Masta & Maddison 2002; Buckley et al. 2006; Linnen & Farrell 2007; Peters et al. 2007; Richards & Knowles 2007) , and statistical approaches for directly computing the likelihood of these alternative scenarios (e.g. Hey 2005) are rendered unsuitable by their simplifying assumptions (Voight et al. 2005; Fagundes et al. 2007; Leaché et al. 2007) .
Here, we use molecular data to address the biogeography of speciation in a cryptic pair of sister species of field crickets, Gryllus rubens and G. texensis. These crickets are distributed across the southern US gulf states, with G. rubens ranging from Florida and the southern Atlantic states westward to eastern Texas, and G. texensis ranging from central-western Texas eastward across the southern gulf states to far western Florida (Fig. 1) . Thus, each species is broadly sympatric from western Florida to eastern Texas and also has a sizable area of allopatry. Prior work with these species has revealed (i) morphological divergence in females but not males (Gray et al. 2001) ; (ii) strong divergence in the longrange male calling song used to attract females for mating (Walker 1998 (Walker , 2000 Gray & Cade 2000; Izzo & Gray 2004) with no evidence of reproductive character displacement (Gray & Cade 2000; Izzo & Gray 2004 ); (iii) female preference for conspecific calling song and for conspecific closerange courtship song (Gray & Cade 2000; Gray 2005) ; and (iv) in G. texensis, heritable genetic variation in both male calling song and female preference for song, two genetically correlated traits (Gray & Cade 2000) . Such conditions are predicted to give rise to reproductive isolation via the assortative mating that results from the rapid coevolution of male signals and female preferences (Lande 1981; WestEberhard 1983; Higashi et al. 1999) . Previous molecular work (Harrison 1979; Gray et al. 2006) had suggested that G. rubens harbours relatively little genetic variation, and that G. rubens and G. texensis mitochondrial DNA sequences produce a paraphyletic gene tree (based on mitochondrial sequences from a sample of 20 individuals). However, tests of the historical biogeographical context of divergence were limited by insufficient sampling. Here, we dramatically increase the scale of sampling to provide tests of (i) whether the lack of reciprocal monophyly reflects gene flow between the species; and (ii) whether the genealogical structure supports a peripatric mode of speciation involving the partitioning and retention of ancestral variation in the descendant taxa G. rubens and G. texensis. These hypotheses are tested using a combination of biogeographical analyses and coalescent simulations which we devised for exploring specific historical scenarios relevant to the origin of these taxa.
Materials and methods

Collection and DNA sequencing
Throughout the range of Gryllus texensis and G. rubens, 48 populations were sampled for a total of 177 individuals from 25 populations of G. rubens and 188 individuals from 23 populations of G. texensis (Appendix). Species identity was confirmed by analysis of male calling song (for male specimens) or by a combination of female ovipositor length and analysis of the calling songs of laboratory reared sons (for female specimens). Together these characters are diagnostic of species identity with little to no overlap (Gray & Cade 2000; Gray et al. 2001; Izzo & Gray 2004) . A 724 bp fragment of the mitochondrial gene Cytochrome Oxidase C subunit I (COI) was amplified using primers C1-J-2183 and TL2-N-3014 (Simon et al. 1994) . Amplification was by Polymerase Chain Reaction (30 cycles, annealing temperature 52 C). Negative controls were employed with each reaction. Sequencing was done on an ABI Prism 377 DNA Sequencer platform with BigDye version 3.1 chemistry. Consensus sequences for each sample were obtained by manual alignment of forward and reverse sequences using BioEdit (Hall 1999) .
Data analyses
Standard measures of population genetic diversity were performed with programs DnaSP (Rozas et al. 2003) , including measures of haplotype diversity, the average number of pairwise differences per nucleotide site, π (Nei 1987 ) and Tajima's D as a measure of historical demography assuming COI is evolving neutrally (Tajima 1989 ). The population structure within each species was examined using the ibd (isolation by distance) program (Jensen et al. 2005) . A maximum likelihood gene tree was generated using paup* 4.0b10 with midpoint rooting (Swofford 2002) with the PaupUp graphical interface (Calendini & Martin 2005 ). An analysis of molecular variance (amova) using arlequin (Schneider et al. 2000) was used to estimate genetic differentiation, including the proportion of genetic variance attributable to different hierarchical levels (i.e. between species, within species, between populations and within populations).
To investigate gene flow between the species, populations were designated as either sympatric or allopatric according to collection location. The amount of genetic divergence (D; average number of substitutions per site) between allopatric and sympatric populations was calculated with DnaSP (Rozas et al. 2003) . If gene flow contributed to the distribution of G. rubens among G. texensis haplotypes in the gene tree, then genetic distance between allopatric G. texensis and G. rubens would be expected to be greater than sympatric G. texensis and G. rubens (i.e. gene flow would erode any genetic differences in sympatry, whereas genetic differences would be maintained in allopatry where there is no opportunity for gene flow). An amova was also used to determine whether geography contributed significantly to patterns of genetic differentiation, i.e. we used an amova with three levels: (i) between allopatric and sympatric groups; (ii) within groups between populations; and (iii) within populations.
For recently diverged species, shared polymorphism might result from ancestral lineage sorting or gene flow. While these two factors might in principle be distinguished with a robust estimate of migration, in our study, the complexities of the species history precluded such an approach [i.e. the data did not fit the assumptions of the population genetic models employed in the program im (Hey 2005 ), e.g. lack of convergence of the posterior probability distributions indicated that migration estimates were not reliable for this dataset; nor were estimates of the time of divergence]. Instead, we employed coalescent simulations to explore whether the structure in the mitochondrial gene tree reflects the biogeography of species divergence. Specifically, we used two separate analyses to test whether (i) the differences in the levels of lineage sorting observed between G. rubens and each of two genetic clusters within G. texensis (referred to here after as G. texensis I and G. texensis II -see Fig. 2 ); and (ii) the specific genealogical structure within G. texensis I and G. texensis II was informative about how the species diverged. We use different summary statistics, each summarizing different aspects of genetic variation in the data, to explore the history of divergence of the species. While summary statistics do not utilize fully all the information contained in DNA sequences, they nonetheless provide a computationally tractable framework with demonstrated utility for exploring demographic and biogeographical scenarios (Knowles & Maddison 2002; Voight et al. 2005; Hickerson et al. 2006; Fagundes et al. 2007) . We use a variety of summary statistics (described in detail in the following sections), each summarizing different aspects of genetic variation in the data, to maximize the information content for the given data (multiple summaries of the data capture more information than any single summary statistic).
Calculation and evaluation of the summary statistics dw II /dw I and ex II /ex I Coalescent simulations and summary statistics were used to determine whether the unusual genetic structure within G. texensis -two genetic clusters: one with comb-like structure and the other with long external branches -was consistent with a single panmictic population that was suggested by the geographical overlap of individuals from the two genetic groups (i.e. G. texensis I and G. texensis II, Fig. 2 ). Genealogies were simulated using the program ms (Hudson 2002) . For each simulated genealogy, the average of pairwise distances within clusters -dw I and dw II for cluster I and cluster II, respectively (Fig. 3) -and the ratio (dw II /dw I ) were calculated. Since this ratio might be affected by how many haplotypes are distributed in two clusters, the analyses were constrained to simulated genealogies with similar proportions of haplotypes as observed in the empirical data (i.e. 24 haplotypes in the smaller cluster), where the two genetic clusters were identified using a root that corresponded to the deepest coalescent time between lineages, and the larger of the two groups was designated as cluster I (as observed in the empirical data); because of the correspondence between the number of nucleotide differences between sequences and the order of coalescences (Takahata & Nei 1985) , this rooting scheme is consistent with the midpoint rooting used for the empirical data. The summary statistics were calculated on 1000 replicate genealogies to generate an expected distribution for the ratio (dw II /dw I ); the hypothesis that the geographically overlapping genetic groups in G. texensis reflects a history without past structure would be rejected if the observed value (i.e. the ratio calculated for the empirical data) exceeded the values observed in 95% of the simulated data (i.e. P < 0.05 under the null model). This test is not sensitive to assumptions about effective population size, N e , since different population sizes affect the total depth of a gene tree (i.e. the time to coalescence) but not the shape of the genealogy: the relevant feature in testing whether the empirical data departs from expectations for the ratio dw II /dw I .
The robustness of the conclusions to different demographic histories was also evaluated by conducting the simulations with changes in population size. Four different demographic scenarios with a range of rates of expansion and decreases in population size were considered (see Table 4 for details), and include a model of (i) exponential increase; (ii) exponential decrease, and bottlenecks involving (iii) a 10-fold and (iv) a 100-fold decrease in population size. Since the shape of genealogies generated under scenarios involving increases and decreases in population size differ from those under constant population size (Wakeley 2003), a second statistic was used to evaluate the probability of the gene-tree structure in the empirical data under models of population expansion and bottlenecks. Moreover, the use of multiple summary statistics provides more power for statistical phylogeographical tests (Knowles 2004; Voight et al. 2005) . This additional statistic (ex II /ex I ) is the ratio of average external branch lengths (i.e. the length of Each haplotype label indicates, in order: the species (marked as either r, t or rt for G. rubens, G. texensis and both species, respectively), the geographical location of the haplotype identified by a population number (see Fig. 1 for distribution of populations) and the haplotype number. Haplotypes that are distributed across multiple populations are identified with each of the respective populations; three haplotypes (rt-1-1, rt-2-1 and rt4-1) occurred in numerous populations (see Appendix for details).
singleton branches) for each of the two genetic clusters in G. texensis (see Fig. 3 ). The numbers of genealogies with both higher dw II /dw I and higher ex II /ex I than the empirical data were recorded for the 1000 genealogies simulated for each historical scenario (Table 4) , where the alpha level for significance was determined with a Bonferroni correction because of the multiple tests conducted for each model.
Calculation and evaluation of the summary statistics
An additional coalescent analysis was performed to address whether the genealogical split observed within G. texensis (i) occurred after the divergence between G. texensis and G. rubens; or (ii) may reflect a historical substructure in which G. rubens was derived from a subset of the ancestral variation present in G. texensis (i.e. by parapatric speciation ; Harrison 1991) . This test involves computing a ratio of the genetic distance between haplotypes of G. rubens to G. texensis I (d rtI ) and G. texensis II (d rtII ). This ratio (i.e. d rtII /d rtI ) would be greater than one if G. texensis I shared a more recent common ancestor with G. rubens than G. texensis II (i.e. the genetic distance between G. rubens and G. texensis I haplotypes is expected to be less than that between haplotypes of G. rubens and G. texensis II; Fig. 4b ), whereas d rtII /d rtI is expected to be equal to one, on average, if the historical substructure did not play a role in the origin of G. rubens (Fig. 4a) . To determine whether a d rtII/ d rtI = 6.07 (the value for the empirical data) differs significantly from what is expected if the historical substructure did not play a role in the origin of G. rubens (i.e. whether the model depicted in Fig. 4a could be statistically rejected), an expected distribution for the range of d rtII /d rtI values was generated from simulated data that takes into account the variance on the expectation arising from the stochasticity of genetic drift. The sample sizes used in the coalescent simulations matched those from the empirical gene tree (i.e. 177, 164 and 24 for G. rubens, G. texensis I and G. texensis II, respectively), and the population sizes were all scaled to the same value given similar estimates of θ of the three populations (Table 1) . Without a reliable estimate of when the substructure occurred (t 1 in Fig. 4a ), a conservative test with t 1 = t 2 was used; this test of the null hypothesis is conservative because d rtI and d rtII is expected to be more similar (i.e. d rtII /d rtI will approach one) as the time of divergence between the two G. texensis lineages from a common ancestor is shorter (i.e. t 1 < t 2 , Fig. 4a ).
Given that G. rubens showed the genetic signature of population expansion (Table 1) , the coalescent simulations were conducted for both constant and changing population sizes for G. rubens. Specifically, a model of exponential population growth was considered (N t = N e e -αt/4Ne , where N t is the population size t generations ago and N e is the current population size) with rates of change α = 1, α = 4 and α = 7. The robustness of these results were examined over a range of differing divergence times. One-thousand genealogies each were simulated under a range of divergence times of 0.5N e to 4N e at 0.5 intervals; only relatively recent divergence times were considered since they are the conditions in which nonmonophyly of the species is expected. With an N e of 5 × 10 5 , this translates into divergence times ranging from 0.25 Ma to 2 Ma, with one generation per year. It is worth noting that these conditions also encompass a range of different population sizes, for a given divergence time (measured in N generations). For example, the results also scale to a population size that ranges from 250 000 to 2 million for a divergence time of 0.5 Ma.
Results
Nucleotide polymorphism
Of the 365 sequenced individuals, 170 haplotypes were identified: 27 haplotypes from the 177 individuals of Gryllus rubens and 164 haplotypes from the 188 individuals of G. texensis sampled (Table 1 ). An amova detected significant divergence between species (Table 2 ). The estimated gene tree suggested the species are not reciprocally monophyletic (Fig. 2) , and two unusual features characterize the gene tree. First, there were two genetic clusters within G. texensis that differ in structure; namely a portion of the G. texensis I cluster included a comb-like section with very closely related haplotypes compared to the relatively longer internal branches of G. texensis II (Fig. 2) . Second, most of the G. rubens haplotypes were nested within G. texensis, but were primarily limited to just the G. texensis I cluster (all but one of the G. rubens haplotypes that nested within G. texensis occured within the G. texensis I cluster). This structure may reflect the geography of divergence in which G. rubens was derived from a subset of a G. texensis-like ancestor (see Fig. 4 ) or may reflect gene flow between G. rubens and G. texensis (see results for each hypothesis below). With respect to the demographic history of each species, there was no evidence indicating that G. texensis had experienced a recent expansion (Table 1) , contrasting with the demographic history of G. rubens. Likewise, there was no relationship between the genetic distance and the geographical distribution of individuals in G. texensis, whereas significant isolation by distance was detected in G. rubens [r = 0.243, P < 0.005; the isolation-by-distance (IBD) test]. Despite these apparent differences in the demographic history between G. rubens and G. texensis, estimates of genetic diversity were similar between the species based on π and θ (Table 1) , indicating similar effective population sizes (i.e. π and θ = 4N e μ; Tajima 1983); population-level estimates of diversity did differ between G. texensis and G. rubens, possibly reflecting the demographic expansion detected in G. rubens (Table 1 ). This genetic signature of population growth in G. rubens was incorporated into the coalescent simulations to avoid misinterpretations based on inappropriate assumptions about constant population size, if G. rubens had indeed undergone a change in population size (for completeness, the possibility of changes in the population size of G. texensis was also considered, Table 4 ). While it is not possible to definitively rule out a selective sweep as causing the significant negative Tajima's D value (Table 1) , the context for such selection being limited to just one of these two species is not obvious, especially given their geographical overlap in large portions of their ranges ( Fig. 1) and ecological similarity.
Tests of gene flow between species
Two separate biogeographical analyses indicate that recent gene flow is most likely not the underlying cause for the lack of reciprocal monophyly of G. rubens and G. texensis. First, if gene flow would be homogenizing G. texensis I and G. rubens, G. texensis I (but not G. texensis II) was expected to be co-distributed with G. rubens, since the G. texensis II cluster was generally distinct from G. rubens (i.e. haplotype mixing occured between G. rubens and G. texensis I; Fig. 2) . However, the individuals from the two G. texensis genetic clusters broadly overlapped geographically. Moreover, there was no significant differentiation between sympatric and allopatric G. texensis (Table 3) as expected if the genetic composition of G. texensis I reflected gene flow with G. rubens. Comparison of the genetic distance between G. rubens and sympatric vs. allopatric G. texensis also showed a pattern contrary to that expected under a hypothesis of introgressive gene flow. If gene flow was the underlying cause for the lack of reciprocal monophyly, the genetic distance between sympatric G. rubens and G. texensis should have been smaller than the genetic distance between sympatric G. rubens and allopatric G. texensis. In our data, however, the former was significantly larger than the later (0.0129 vs. 0.0099, P < 0.01, Z-test). In summary, each of the tests -the geographical distribution of haplotypes, the genetic variation within the two G. texensis clusters, and the distances between G. rubens and sympatric vs. allopatric G. texensis -indicated that recent gene flow is not a likely explanation for the lack of reciprocal monophyly between the species.
Tests of whether the gene-tree structure reflects the biogeography of species divergence
To determine whether the genealogical structure of two genetic clusters within G. texensis (i.e. G. texensis I and G. texensis II) is indicative of ancestral substructure, as opposed to a single species lineage, coalescent simulations were used to evaluate the probability of observing a ratio of dw II /dw I being equal to the observed empirical ratio of average pairwise distance between cluster I and II (see Fig. 3 ). Out of 1000 simulated genealogies with the same distribution of haplotypes across two clusters, less than 5% (P = 0.009) of the genealogies exhibited a dw II /dw I equal to the observed empirical ratio of 2.05 (Fig. 5) , indicating that the genealogical structure was inconsistent with the unstructured species lineage. Coalescent simulations also confirmed that these results were generally robust to changes in population size (even though there was no significant genetic signature of population expansion in G. texensis, Table 1 ). The probability of observing a gene tree with the structure seen in the empirical data was very low under both models of exponential increase and decrease, as well as population bottlenecks (Table 4) . A few of the models could not be rejected after adjusting the level of significance for multiple comparisons involving different rates of expansion or different times for the bottleneck based on a characterization of the gene tree involving just one summary statistic (i.e. dw II /dw I ). However, when multiple aspects of the gene-tree structure were considered jointly (i.e. dw II /dw I and ex II /ex I ), every one of the different scenarios of population change could be rejected significantly -that is, less than 1.3% of the genealogies exhibited characteristics observed in the empirical data (i.e. dw II / dw I ≥ 2.05 and ex II /ex I ≥ 2.59; Table 4 ). These results all indicate that it is highly unlikely that the two genetic clusters observed in G. texensis could have been derived from an unstructured species lineage, suggesting instead that, despite the contemporary overlap of G. texensis I and G. texensis II, the G. texensis lineage was subdivided in the past.
To determine whether such historical substructure might have played a role in speciation (Fig. 4) , the timing of the origin of this substructure relative to the origin of G. texensis was investigated with coalescent simulations. The observed average genetic distance between G. rubens and G. texensis I, d rtI , relative to that between haplotypes of G. rubens and G. texensis II, d rtII , was significantly greater than the null expectation as generated from the coalescent simulations (Fig. 6 ). This suggests that the structure in the observed gene tree (Fig. 2) is more consistent with a history Fig. 5 Frequency distribution of dw II /dw I generated by a single lineage model in Gryllus texensis, where dw I and dw II are the average pairwise distances within genetic clusters I and II (see Fig. 3 ). Note that the deviation of the expected distribution from a general expectation of 1 is because the test involved simulated genealogies where the distribution of haplotype numbers between the two genetic clusters also matched the empirical data. in which G. rubens and G. texensis I shared a more recent common ancestor (i.e. supports the model in Fig. 4b ) than did G. texensis I and G. texensis II (i.e. the model in Fig. 4a was rejected). This result was consistent across the range of divergence times considered, and was robust to possible changes in population size in G. rubens (Fig. 6 ).
Discussion
While multiple processes might underlie the lack of reciprocal monophyly between taxa, when such messy gene trees are examined in a predictive framework, they can yield valuable insights about species divergence (Knowles 2004) . In this study, the data clearly showed that Gryllus rubens and G. texensis are very closely related, corroborating behavioural data (Gray & Cade 2000; Izzo & Gray 2004; Gray 2005) , but that they are not reciprocally monophyletic based on the mitochondrial gene tree, as suggested by previous molecular studies with limited sampling (Harrison 1979; Gray et al. 2006) . However, by considering how the processes involved in speciation would affect the geographical distribution of haplotypes, as well as the patterns of relationships among haplotypes (i.e. the gene-tree structure), we were able to statistically explore different hypotheses about how divergence in these cricket species might have proceeded. The sister taxa G. rubens and G. texensis showed very different phylogeographical patterns. G. texensis had an abundance of singleton haplotypes (Table 1 ) and showed no evidence of IBD. G. rubens appears to have undergone a recent population expansion (Table 1 ) and showed significant IBD among subpopulations. While the genetic variation within G. texensis was characterized by an abundance of singleton haplotypes, the data were not consistent with a simple demographic model of expansion (i.e. nonsignificant Fu and Li's D and Tajima's D; Table 1 ). The coalescent simulations also indicated that an unstructured population, even considering an array of different demographic scenarios involving increases or decreases in population size, is significantly unlikely (Table 4) . Instead, Table 4 Test of whether the genealogical structure observed in Gryllus texensis (Fig. 2) is probable under different models of population size change. These models include: (a) a constant population size, (b) population expansion with differing amounts of size change (i.e. different α-values, under a model of exponential change N t = N e e -α t/4Ne , where N t is the population size t generations ago and N e is the current population size), (c) exponential decreases in population size with different rates of decrease (i.e. different α-values; a constant the population size was assumed prior to 16N e generations to avoid the problem of infinite time waiting for lineage coalescence), and a population bottleneck in which the contemporary population is either (d) 10 times or (e) 100 times smaller than the ancestral population size, for a range of different bottleneck times (t). The data are not consistent with most models (i.e. the values for the simulated data are higher than those for the empirical data, specifically dw II /dw I = 2.05 and ex II /ex I = 2.59). Those models that can be statistically rejected are shown in bold, after a Bonferroni correction for multiplests for each model (i.e. P < 0.025). the history of this species appears to be quite complex. G. texensis showed no significant IBD; rather, the haplotypes were distributed into two broadly distributed and geographically overlapping clusters (G. texensis I and G. texensis II; Fig. 2 ). Despite the co-distribution of haplotypes between the two G. texensis clusters, and their geographical overlap with haplotypes from G. rubens, the gene tree shows that all but one of the G. rubens haplotypes (including four shared haplotypes) were limited to just one lineage of G. texensis (i.e. the G. texensis I cluster; Fig. 2 ). This complicated genealogical structure, with haplotypes of G. rubens mixed with haplotypes from G. texensis I but not G. texensis II, could have arisen from gene flow or reflect the incomplete sorting of gene lineages from a common ancestor. However, the series of tests used to evaluate these possibilities suggest that the polyphyletic structure of the gene tree reflects the geographical history of divergence and not of gene flow (see details below). The complexity of these species histories no doubt also contributes to a serious violation of the assumptions of the divergence models used by typical coalescent-based likelihood or Bayesian approaches for estimating population genetic parameters (reviewed in Excoffier & Heckel 2006) , thus precluding their use in this study. This unusual structure, particularly within G. texensis, motivated the use of the novel alternative analyses presented here (see also Knowles & Maddison 2002; Fagundes et al. 2007) . However, as with any statistical phylogeographical study, only a small subset of historical scenarios was evaluated because of the enormous space of potential histories (e.g. varying population sizes and migration rates that might differ between species and change among populations and over the species history), and simplifying assumptions might affect the results (Knowles & Maddison 2002 ). Without additional data (i.e. multiple loci), it is also not possible to evaluate the extent to which the patterns of differentiation observed in the mitochondrial sequences are an accurate reflection of the species' histories. Despite these caveats, the approach and combination of tests that were devised identify a biologically interesting model of species divergence -namely, peripatric speciation (e.g. Harrison 1991; Knowles et al. 1999) . Under this model, past geographical substructure may have contributed to the origin of the cricket species, even though such regional division is not apparent today (e.g. the two G. texensis genetic clusters are co-distributed across the species range). The implications of this model, including how these findings might motivate future potential studies, as well as supporting evidence from comparison with other taxa in the region, are discussed below.
Demographic models
The role of historical regional substructure in species divergence
There is no behavioural, morphological or other evidence whatsoever suggesting the existence of two cryptic species within the currently recognized G. texensis, or significant differentiation between populations of G. texensis that are distributed sympatrically vs. allopatrically with respect to G. rubens (Table 3 ). This indicates that the general lack of G. rubens haplotypes within the G. texensis II cluster does not reflect some differential gene flow owing to reproductive isolation. Despite a number of undescribed cryptic species within North American Gryllus (unpublished data, D. Weissman and D. Gray), the unimodal distribution of intraspecific variation in reproductive characters (e.g. song and female preference traits; Gray & Cade 2000 , 1999 Izzo & Gray 2004 ) and lack of, or correspondence with, the two mitochondrial genetic clusters indicates a lack of cryptic species in G. texensis. Moreover, the statistical phylogeographical test, which revealed that the degree of genetic differentiation between sympatric G. texensis and G. rubens was greater (not smaller, as expected) than the genetic distance between allopatric G. texensis and G. rubens, also indicates that recent gene flow is not a sufficient explanation for the lack of reciprocal monophyly between the species -although low levels of past or present hybridization are certainly not precluded by these analyses.
The genealogical structure is consistent with two population lineages of G. texensis with incomplete sorting of ancestral polymorphisms between this subdivided ancestor and the more recently derived species G. rubens (Fig. 4b) . The apparently large population sizes of these crickets are indeed consistent with this observation; tens or even hundreds of thousands of these crickets engage in eruptive flights every summer and fall (Cade 1979) , and the total numbers of G. texensis could easily be several million or more (W. H. Cade, personal communication), greatly reducing the rate of lineage sorting. Furthermore, our simulations also showed support for the origination of G. rubens from one of the two ancestral lineages of G. texensis (Fig. 6) . Such a scenario would be consistent with a geographical scenario in which proto-G. rubens became geographically isolated, perhaps in peninsular Florida during the climate-induced distributional shifts caused by the Pleistocene glacial cycles. Our data indicating recent population expansion of G. rubens combined with significant IBD further support this model. Such regional substructure has been documented in other taxa from the area, including both plants and animal species (see comparative phylogeographical review of 148 taxa, Soltis et al. 2006) . In the absence of additional loci in the crickets for genetic analysis, these comparative studies identify the plausibility of the model of species divergence proposed by our study (i.e. the observed patterns of differentiation in COI are not simply a reflection of the historical dynamics of the mitochondrial genome owing to a discordance between the observed gene tree and the actual species history, Maddison 1997) . Nonetheless, multilocus data are not only important for testing the proposed peripatric model of divergence, but it would also be very helpful for deriving accurate population genetic parameter estimates from coalescent-based likelihood or Bayesian approaches (reviewed in Excoffier & Heckel 2006) and would provide a more biologically realistic model of divergence.
In contrast to the distinct biogeographical patterns that mirror these past discontinuities in many of the taxa from the general study area (e.g. regions divided by the Apalachicola River, Appalachian Mountains, Tombigbee River and the Mississippi River; reviewed in Soltis et al. 2006) , no such correspondence between geography and genetic divergence was apparent in G. texensis. While any regional substructure that might have existed in the historical past of G. texensis (Fig. 4b) apparently has been eroded by migration, a lack of evidence for recent gene flow between sympatric G. texensis and G. rubens suggests that divergence in behavioural traits is an effective reproductive barrier (Gray & Cade 2000; Gray 2005 ). However, this will need to be confirmed with additional genetic data. Interestingly, genetic evidence suggests that species boundaries are quite porous in other related and recently derived Gryllus taxa (Broughton & Harrison 2003) , suggesting that gene flow homogenizes species differences except for those characters for which divergence is maintained by selection. Further investigations into the demography of speciation of G. texensis and G. rubens should provide an important context for identifying whether the mode of speciation actually differs among these recently derived North American gryllines (i.e. divergence with or without gene flow) and what it is about the species-specific traits that confer a more (or less) effective reproductive barrier to gene flow. 
